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The universal applicability of changes in cell proliferation 2471 , USA as a diagnostic marker for tumor development is questionable. 1 To whom correspondence should be addressed
This does not mean, however, that cytokinetic changes within In order to determine the prognostic significance of prolifa particular tissue have no relevance to the tumorigenic process.
eration, differentiation, and apoptosis as intermediate
Cell division is necessary for the conversion of single-stranded markers for colon tumor development, these indices were DNA damage to mutations (2) . And, for mutations to be 'fixed' measured during the promotion phase of tumorigenesis.
and perpetuated, cell division must obviously occur. Schwann Two hundred and sixty male SpragueϪDawley rats were cells in the nerve sheath do not normally proliferate, but when provided with one of two fats (corn oil and fish oil) stimulated to divide, tumors may develop (2) . It is likely that and two fibers (pectin and cellulose) plus or minus the the relative contribution of an up-regulation of cell division to carcinogen azoxymethane (AOM) and killed at two time the tumorigenic process is both tissue and timing specific. points (18 and 36 wk) in a 2⍥2⍥2⍥2 factorial design.
In the colon, a rapidly renewing population of cells with a In vivo cell proliferation was measured immunohistochemidistinct tissue architecture, changes in cell proliferation and cally using incorporation of bromodeoxyuridine into DNA.
an expansion of the zone of dividing cells have long been Differentiation was assessed by binding of Dolichos biflorus considered prognostic indicators of future tumor development agglutinin (DBA) to colonocytes. Apoptosis was measured (3, 4) . However, even in this tissue, a lack of relationship by immunoperoxidase detection of digoxigenin-labeled genbetween cell proliferation and tumor development has been omic DNA. Adenocarcinoma incidence results at week 36 reported (5) (6) (7) (8) (9) . Cell division is only one part of the complex were 70.3% for corn oil ⍣ AOM and 56.1% for fish oil process of maintenance of the colonic epithelium. As cells ⍣ AOM treatment (P < 0.05); no main effect of fiber migrate up the crypt column they may inappropriately continue was observed. At week 18, AOM treatment increased the to make in-transit divisions and fail to differentiate. Yet there number of cells per crypt column in the proximal colon are few reports on changes in differentiation of colonocytes compared with saline controls (P ⍧ 0.0358) and increased during the tumorigenic process. Also lacking is information the proliferative zone in the distal colon compared with on apoptosis within the colonic crypt and how this responds controls (P ⍧ 0.0073). However, changes in cell proliferato diet and carcinogen. Inhibition of apoptosis is now thought tion at week 18 did not predict the beneficial effect of fish to be an integral component of the genesis of colorectal oil versus corn oil. In contrast, DBA binding (the marker adenomas and carcinomas (10) (11) (12) . Garewal et al. also sugfor differentiation) was higher in fish oil versus corn oil gested that reduced apoptotic ability may predispose to an fed animals in both the proximal and distal colon and in increased risk for cancer (12) , implying that apoptosis rates each portion of the crypt (P ⍧ 0.0001). There were a may be useful in identifying 'at risk' subjects. These recent greater number of apoptotic cells/crypt column in the studies suggest that changes in apoptosis, rather than cell proximal colon (P ⍧ 0.0019) and distal colon (P ⍧ 0.0358) proliferation, may be a better predictor of tumorigenesis. with fish oil compared with corn oil, and indices of apoptosis Dietary fat and fiber may affect the balance between cell also predicted certain fat/fiber interactions. Measurements division, maturation and death. In experimentally induced of differentiation and apoptosis had greater prognostic colon carcinogenesis studies, dietary fish oil (13, 14) and dietary value to detect dietary effects on tumor incidence than did cellulose (15) are generally protective against colon tumor measurements of cell proliferation. development. It is not known, however, if this protective effect is mediated through changes in proliferation, differentiation, or apoptosis. The objective of this study was to test our Introduction hypothesis that changes in apoptosis, and/or differentiation, rather than cell proliferation, may be better predictors of dietThe concept that increased levels of cell proliferation in a induced differences in colon tumorigenesis. tissue are predictive of tumor formation has recently been challenged (1). Farber presents a compelling argument that cell proliferation per se has not been demonstrated to increase Materials and methods cancer risk, citing instances of high rates of proliferation which Animals and study design are not associated with tumorigenesis. For example, cancer of The animal use protocol was approved by the University Animal Care the small intestine is extremely rare despite its high proliferative Committee of Texas A&M University and conformed with NIH guidelines. Two hundred and sixty male weaning (21-day-old) SpragueϪDawley rats (Harlan Sprague-Dawley, Houston, TX) were housed individually in cages *Abbreviations: AOM, azoxymethane; TBHQ, tertiary butylhydroquinone; BrdU, bromodeoxyuridine; PBS, phosphate-buffered saline; DAB, diaminoand maintained in a temperature and humidity controlled animal facility with a daily photoperiod of 12 h light and 12 h dark. This study was a 2ϫ2ϫ2ϫ2 benzidine tetrahydrochloride; DBA, Dolichos biflorus agglutinin. different degrees of fermentability, with pectin being highly fermentable in the colon and cellulose poorly fermented (17,18). Dietary fat was provided at the 15% level by weight (30% of energy), based on current recommendations for humans (19). Dietary fiber was provided at the 6% level by weight, corresponding to the recommended level of 30 g fiber/day for humans (19). Food and water were freely available at all times. Forty eight hour food intakes and fecal outputs were measured 1 week after the second injection of either carcinogen or saline and again 1 week prior to the sacrifice day.
Carcinogen treatment
After exactly 1 week of receiving their diets, animals were injected with saline (controls) or AOM according to the standard protocol established by Reddy (20,21). AOM (Sigma Chemical Co., St Louis, MO) was injected s.c. at a dose of 15 mg/kg body wt on two occasions, separated by 1 week. Control rats received an equal volume of saline. For cell kinetics measurements, 80 animals (10 rats/group) were terminated at 16 weeks post-AOM or saline injection. For final tumor typing, 180 rats were terminated at 34 weeks post-AOM or saline injection. Tissues for in vivo measurement of cell kinetics Exactly 1 h before being killed, each rat was injected i.p. with bromodeoxyurid- Fig. 1 . Experimental design. Rats were acclimated to the animal facilities ine (BrdU) (5 mg/kg body wt) in phosphate-buffered saline (PBS), pH 7.4, for 1 week before receiving their experimental diets. They were injected to measure in vivo cell proliferation (22). All animals in this experiment were with carcinogen or saline at the end of weeks 2 and 3. Eighty rats were killed at the same time of day (9:00 a.m.Ϫ1:30 p.m.) to avoid any major killed at week 18 for the measurement of intermediate markers. Final tumor artifacts arising from diurnal variation. The animals were killed with CO 2 analysis was on 180 rats at week 36.
gas, after which the colon was resected from the junction between the cecum and colon to the most proximal portion of the anus. The length of the large bowel was recorded immediately and the intestine was opened longitudinally. The last 1 cm from the most distal end was resected for rectum. The remainder The ethanol-fixed tissues were used for in vivo measurement of cell proliferation. The incorporation of BrdU into DNA was localized using a monoclonal a Corn oil diet.
anti-BrdU antibody and detection of bound antibody was achieved using b Fish oil diet.
peroxidase-conjugated antibody to mouse immunoglobulin (23). The tissue sections were deparaffinized with three changes of xylene and rehydrated in a graded series of ethanol from 100 to 70%. Endogenous peroxidase was factorial design with two types of fat (corn oil or fish oil), two types of fiber blocked by immersing the section in 0.3% H 2 O 2 in methanol for 30 min, with (cellulose or pectin), two injected subgroups (with or without carcinogen) and subsequent washing in distilled, deionized water. To expose BrdU incorporated two time points (18 and 36 wks). There were 10 rats in each group at the into DNA, the tissue sections were hydrolyzed in 2 N HCl for 1.5 h and first time point (2 fatsϫ2 fibresϫcarcinogen or saline ϭ 80 rats). At the final neutralized with 0.1 M sodium tetraborate, pH 8.5. A universal peroxidase time point (week 36, n ϭ 180) there were 10 rats in the saline-injected groups staining kit from Signet Laboratories Inc. (Dedham, MA) was used to link and 33 in each of the carcinogen-injected groups, except there were eight and label the BrdU incorporated in DNA. A blocking agent, normal goat extra rats (n ϭ 41 rats) in the corn oil/cellulose/azoxymethane (AOM*) group. serum, was placed onto the tissue sections and incubated in a humidified The extra rats in this group were to be used for another set of analyses, but chamber for 20 min. Anti-BrdU mouse antibody (Boehringer Mannheim, they were included for determination of tumor development so as not to Indianapolis, IN) was then placed onto the tissue section and incubated in a potentially bias this observation. A total of 260 rats was used in the entire humidified chamber for 1 h. A linking reagent, goat anti-mouse immunoglobstudy. The overall experimental design is shown in Figure 1 . Animals were ulin serum, and labeling reagent, peroxidase-labeled mouse immunoglobulin, stratified by body weight so that mean initial body weights of the groups did were placed onto the tissue sections and subsequently incubated in a humidified not differ. Body weights were recorded weekly throughout the study. chamber for 20 min. All the steps were carried out at room temperature Diets and the tissue sections were rinsed with PBS between steps. The entire After a 1 week acclimatization period of consuming standard rat chow, animals antibodyϪantigen complex was made visible by diaminobenzidine tetrahydrowere assigned to one of four diets (Table I) which were different only in the chloride (DAB; Sigma Chemical Co., St Louis, MO), 0.5 mg DAB/mL PBS type of fat (corn oil or fish oil) and in the type of dietary fiber (cellulose or with the addition of 0.015% H 2 O 2 immediately before staining. This step pectin). The fats were chosen because of their different fatty acid compositions, produced a brownish stain. After rinsing the sections in water, they were which have been described in detail in a previous report from our laboratory counterstained with hematoxylin (Sigma Chemical Co., St Louis, MO). In (16). The major differences between the fatty acid compositions of the two control slides, PBS was substituted for anti-BrdU mouse antibody. lipid sources are significantly higher amounts of 14:0; 16:1n-7; 20:5n-3 and Analysis of crypt size and proliferative activity 22:6n-3 in the fish oil diets and higher amounts of 18:1n-9 and 18:2n-6 in Twenty five crypt columns per site per animal were randomly chosen. Crypt the corn oil diets. The fish oil diet contained 3.5 g corn oil/100 g diet to column height in number of cells and micrometers, and number and position ensure that essential fatty acid requirements were met. In order to prevent the of labeled cells were recorded as previously described (24). Labeling index formation of oxidized lipids, diets were freshly prepared weekly and stored was calculated as 100 times the mean number of labeled cells per crypt in the dark at Ϫ20°C. Animals were provided with fresh diet every day column divided by the mean total number of cells per crypt column. The and the feeders were removed and washed daily. Bulk vacuum-deodorized proliferation zone was calculated as 100 times the position of the highest menhaden fish oil was obtained from the National Institutes of Health. The labeled cell divided by the number of cells per crypt column. fish oil contained 1 g/kg γ-tocopherol and 1.5 g/kg α-tocopherol and 0.025%
Measurement of cell differentiation-lectin histochemistry tertiary butylhydroquinone (TBHQ) as antioxidants. Food grade corn oil was supplemented with α-and γ-tocopherol and TBHQ to obtain antioxidant levels
The method was a modification of that developed by Boland (25). Paraffinembedded tissue sections were deparaffinized, hydrated and rinsed with PBS. equivalent to that in fish oil. The fibers were chosen because of their very 0  0  0  0  0  0  1  0  1  1  1  2  2  0  1  2  3  3  3  0  2  2  3  4 a The lectin score for each segment of the crypt is a combination of staining intensity (rated from 0 to 3) and the proportion of the cells that are stained. For example, a staining intensity of 3 with 40% of the cells stained would result in a lectin score of 2.
Endogenous peroxidase was blocked by immersing the section in 0.3% H 2 O 2 in methanol for 30 min, with subsequent washing in distilled, deionized water. Biotinylated Dolichos biflorus agglutinin (DBA; Vector Laboratories Inc., Burlingame, CA) was added at a concentration of 10 µg/ml in a quantity sufficient to completely cover the hydrated tissue. After a 30 min incubation, the lectin DBA was washed off using PBS. The tissue sections were incubated with avidinϪbiotinϪperoxidase complex (ABC-peroxidase; Vector Laboratories Inc., Burlingame, CA) for 30 min and developed in 0.5 mg DAB/ml PBS as described in the section on cell proliferation. Hematoxylin was used for the counterstain. Table II . Twenty crypts were read for each site per animal. Each crypt was equally divided into thirds using an eyepiece micrometer. The percent labeled cells and color stain intensity were evaluated separately for each third of the crypt. Based on the color stain intensity and percent labeled cells, the final lectin score was then assessed from Table II for each third of the crypt.
In situ apoptosis measurement This method was based on TdT-mediated dUTP-biotin nick end labeling of fragmented DNA (TUNEL assay) (26). Paraformaldehyde-fixed, paraffinembedded tissue sections were used. Positive control slides of colon crypts were treated with DNase 1 (Ambion, Austin, TX) at 37°C. An in situ apoptosis detection kit (peroxidase) from Oncor (Gaithersburg, MD) was used with the following modification. A dilution ratio of 1:8 (TdT enzyme:reaction buffer, v/v) was used instead of the ratio of 1:2 v/v as described in the kit for the TdT enzyme/digoxigenin-11-dUTP solution. This was determined to be optimal for rat colon tissues. A typical section showing crypts stained for apoptosis is shown in Figure 2 . The apoptotic cells were recognized based on a combination of the TUNEL assay (condensed chromatin and apoptotic bodies identified by intense brown staining) and apoptosis morphological identification for light microscopy as described by Kerr et al. (27) . The scoring for apoptosis was the same as the method used to score cell proliferation. Namely, 25 crypt columns were chosen. The number of cells per crypt column and the position of positive cells were recorded. The apoptotic index was 100 times the mean number of positive cells per crypt column divided by the mean total number of cells per crypt column. In addition, the percent positive cells in the colonic Fig. 2 . Apoptosis. The micrograph shows apoptotic cells in colonic crypts lumen was scored at each site in each animal. These measurements were as a brownish stain over the nucleus. made by selecting (10) 0.25 mm segments at the lumenal surface using the eye piece micrometer. In each of the 10 segments, the percent positive cells was evaluated as Ͻ10% (score ϭ 0), 11-30% (score ϭ 1), 31-50% (score ϭ 2), 51-75% (score ϭ 3) or Ͼ75% of cells positive (score ϭ 4). A mean score was determined for each animal at each site.
Tumor analysis
Tumors were classified as adenomas or adenocarcinomas as previously After the large bowel was resected and opened longitudinally, the contents described (28). were rinsed out with PBS. The distance from the anus and the number and Statistical analyses size of tumors were recorded. Tumor-bearing areas were dissected and fixed in 4% paraformaldehyde for 4 h. Following fixation, tissues were embedded Data were analyzed using three-way ANOVA to determine the effect of dietary fat, fiber, carcinogen, fatϫfiber, fatϫcarcinogen, fiberϫcarcinogen and in paraffin blocks and 4 µm sections were cut perpendicular to the surface of the lesions prior to staining with hematoxylin and eosin. Serial sections were fatϫfiberϫcarcinogen interactions. When P values for the interactions were Ͻ0.05, means of all diet groups were separated using Duncan's multiple range made whenever necessary to expose the central part of a tumor or its stalk, when present. Serial sections were also taken in areas showing focal atypia, test. When P values were Ͻ0.05 for the effects of fat, fiber or carcinogen but not for the interactions, total means of fat groups or fiber groups or carcinogen as characterized by pseudostratification of epithelial cells and their orientation along sinus basement membranes, in order to identify microscopic tumor foci. treatment groups were separated by Duncan's multiple range test. Tumor Fig. 3 . Weight gain. Rats were weighed weekly until termination. There were no differences in weight gain due to fiber or carcinogen. However, beginning at week 8, rats receiving fish oil (shown by circles) weighed more than those receiving corn oil (shown by triangles) (P Ͻ 0.05). 
Results
Food intake and weight gain effect of carcinogen and no interactions on colon length at either There were no differences in food intake among groups at time point. either time point (data not shown). Despite the similarity of Colon adenocarcinoma incidence food intake, there was a significant difference in weight gain between the two fat treatments (P ϭ 0.0001). As shown in At the final time point (36 weeks) no evidence of carcinoma was found in any animal injected with saline. For animals Figure 3 , beginning at week 8, fish oil-fed animals weighed more than their corn oil-fed counterparts. There was no injected with AOM, the incidence of adenocarcinomas is shown in Figure 4 . There was a significant main effect of fat significant effect of fiber or carcinogen on rat body weight gain. Because of the potential for differences in weight gain (P Ͻ 0.05), with fish oil resulting in a lower incidence (56.1%) than corn oil (70.3%) ( Figure 4A ). There was no significant (between fish oil and corn oil animals) to affect outcome variables, we re-analyzed the data with weight as a covariate. effect of fiber on tumor incidence ( Figure 4B ), although when all four treatments were separated ( Figure 4C ) rats fed corn There was no effect of weight on any of the outcome measurements. Further, numerous studies have shown a protectoil/cellulose had a higher adenocarcinoma incidence than animals fed the combination of fish oil/pectin. ive effect of a lower rate of weight gain compared with a higher rate (5,6) against experimentally induced cancer. This
Main effects of carcinogen, fat and fiber on colonic cell would suggest that the corn oil group of animals (which gained proliferation the least weight) should have a lower incidence of colon To simplify data presentation, only the statistically significant tumors than those fed fish oil. In fact, the opposite was true, main effects are shown. Significant interactions are discussed as will be shown below.
in the text, as appropriate. Carcinogen treatment had the most Fecal output and colon length pronounced effect on colonic cell proliferation, as would be predicted (Table III) . Since animals injected with saline did Dietary fiber significantly affected fecal output (P ϭ 0.0001) with cellulose-supplemented animals having higher wet not get colon tumors, the best predictor of tumor development is injection with AOM. In the proximal colon, AOM increased (3.25 Ϯ 0.08 g) and dry (2.81 Ϯ 0.06 g) 48 h fecal weights compared with pectin (wet weight 1.44 Ϯ 0.08 g; dry weight the labeling index and increased the number of labeled cells in the middle third of the crypt. There was also a concomitant 1.20 Ϯ 0.06 g). There was no effect of fat or carcinogen on fecal output. Dietary fat had a main effect on colon length (P Ͻ 0.03), increase in the number of cells per crypt column in the proximal colon and an increased number of crypts per millimeter of with animals fed fish oil having longer colon lengths compared with those fed corn oil diets at week 18 (17.15 Ϯ 0.22 cm versus intestine (Table III) . Similarly, in the distal colon the zone of proliferating cells was expanded by carcinogen treatment and 16.50 Ϯ 0.18 cm) and week 36 (18.56 Ϯ 0.14 cm versus 18.07 Ϯ 0.13 cm). However, since the fish oil-fed animals gained an increase in the number of labeled cells in the middle third of the crypt was noted (Table III) . more weight than their corn oil-fed counterparts, when colon length was normalized for body weight, normalized colon Since fish oil was protective against colon tumor development as compared with corn oil (Figure 4 ) one would expect lengths were not different between groups (P Ͼ 0.05). Dietary fiber had a main effect on colon length at week 36, but not at to see differences in the effects of these two lipids on indices of cell proliferation. Surprisingly, there was only one main week 18. At week 36, cellulose-supplemented animals had longer colon lengths than those supplemented with pectin (18.57 effect of fat on cell proliferation in the proximal colon and no main effects were seen distally (Table III) . The single significant Ϯ 0.13 cm versus 18.07 Ϯ 0.15 cm, P ϭ 0.0099). There was no Table II. effect of fat (number of labeled cells in the middle third of Surprisingly, however, there was no significant effect of carcinogen on cell differentiation in the distal colon. In contrast, the crypt) followed the same pattern as did carcinogen treatment, i.e. corn oil resulted in a greater number of labeled cells fish oil resulted in a more differential colonocyte phenotype in both the proximal and distal colon and at each level of the as compared with fish oil (P ϭ 0.0296) just as AOM resulted in a greater number of labeled cells as compared with saline crypt at both sites (Table IV) . This effect was striking and is illustrated in Figure 5 . Panel A shows intensive positive (P ϭ 0.0019).
The main effects of fiber with respect to cell proliferation staining for DAB binding with fish oil treatment compared with a lower staining intensity with corn oil (Panel B). There were only seen in the distal colon and were discordant. Cellulose increased the number of cells/crypt column compared was no significant effect of fiber on cell differentiation nor were there any significant interactions between carcinogen, fat with pectin (P ϭ 0.0116) but decreased the number of crypts/ mm (P ϭ 0.0025). This apparent inconsistency may be and fiber with respect to this parameter. explained by a fiberϫAOM interaction on labeling index in Main effects of carcinogen, fat and fiber on colonic cell the distal colon (P ϭ 0.0405). Pectin resulted in a higher apoptosis labeling index than did cellulose at this site, but only in the Saline-injected animals had a greater percentage of apoptotic presence of AOM. cells on the lumenal surface than their AOM-injected counterMain effects of carcinogen, fat and fiber on colonic cell parts (P ϭ 0.0225) in the proximal colon (Table V) . This differentiation was the only significant main effect of carcinogen on any measurement of apoptosis in the proximal colon. No significant In the proximal colon, AOM resulted in a lower degree of differentiation compared with saline controls, at each level of effects of carcinogen on apoptosis were seen distally (Table  V) . In contrast, main effects of fat on apoptosis were strong the crypt (top, middle and bottom) (P ϭ 0.0001; Table IV). and consistent throughout the proximal colon and also apparent three significant interactions. The combination of pectin with fish oil results in a very different effect on apoptosis than distally. In each instance, fish oil (which resulted in fewer animals with tumors; Figure 4 ) resulted in a greater degree of does the combination of pectin with corn oil (Table VI) . For example, fish/pectin has the highest apoptotic index in apoptosis than corn oil (Table V) . This greater degree of apoptosis with fish oil as compared with corn oil was observed the distal colon (7.40 Ϯ 0.53), whereas corn/pectin results in the lowest index (5.16 Ϯ 0.53) (P ϭ 0.0215). Similarly, at each level of the crypt and also resulted in a greater overall number of apoptotic cells/crypt column in the proximal fish/pectin has 2.25 times the percent apoptotic cells on the lumenal surface than does corn/pectin (P ϭ 0.0155) and (P ϭ 0.0029) and distal (P ϭ 0.0358) colon.
There were also significant main effects of fiber on 2.61 times the number of apoptotic cells in the bottom third of the crypt column (P ϭ 0.0004). Since higher rates of measurements of apoptosis. In the proximal colon, pectin resulted in a higher apoptotic index than cellulose (P ϭ 0.0713) apoptosis are considered protective against colon tumorigenesis (10) (11) (12) , these data are consistent with our finding of and a greater number of apoptotic cells in the crypt column (P ϭ 0.0128) ( Table V) . The overall effect of fiber in the the lowest proportion of animals with tumors in the fish/ pectin group (Figure 4) . proximal colon was due primarily to an increase in apoptosis in the top third of the crypt column with pectin supplementation (P ϭ 0.0053). The fiber effect on apoptosis in the distal colon Discussion was more complicated in that cellulose resulted in a greater percentage of apoptotic cells in the top third of the crypt Fish oil was protective against colon tumorigenesis in this study in which 70.3% of the corn oil-fed animals developed column and at the lumenal surface than did pectin (Table V) , but pectin produced a greater number (P ϭ 0.04) and proportion adenocarcinomas as compared with only 56.1% of the fish oil-fed rats ( Figure 4A ). This protective effect of fish oil (P ϭ 0.0048) of apoptotic cells towards the bottom of the crypt.
Part of the seemingly incongruous effects of fiber on occurred despite a more rapid rate of weight gain in fish oil-versus corn oil-fed animals. Although there was no apoptosis in the distal colon may be explained by three significant fatϫfiber interactions at this site. Table VI main effect of fiber on colon tumor incidence ( Figure 4B ), the fish oil/pectin diet (51.5% tumor incidence) was separates out the different fat/fiber combinations for these significantly more protective than the corn oil/cellulose cells in the middle third of the crypt compared with salinecombination (75.6% tumor incidence). Since the goal of treated animals and an expanded zone of proliferating cells. this study was to determine which candidate marker(s) (cell Although the direction of AOM-induced effects on cell prolifproliferation, differentiation and/or apoptosis) would best eration is consistent with tumor development, indices of cell predict tumor incidence, the appropriate marker should: (i) proliferation failed to detect a protective effect of fish oil show a main protective effect of fish oil compared with compared with corn oil. The single significant effect of fat on corn oil; (ii) not show a main effect of fiber on colon cell proliferation was a higher number of labeled cells in the tumor incidence; and (iii) ideally show an interactive effect middle third of the crypt in the proximal colon with corn oil between fat and fiber that could explain the apparent compared with fish oil-supplemented animals. There were no synergistic effect of fish oil and pectin.
significant fat/fiber interactions, suggesting that fish oil/pectin would be the most protective diet. In fact, of the three Proliferation as a prognostic indicator of tumor development categories of markers (proliferation, differentiation and Almost all of the treatment differences in cell proliferation apoptosis) proliferation was the least predictive of tumor (Table III) were between AOM-and saline-injected animals.
outcome. AOM increased cell proliferation as evidenced by an increased
The use of cell proliferation indices as prognostic indicators labeling index, number of labeled cells in the middle third of of future tumor development has both theoretical and experithe crypt, increase in crypt height and increase in the number mental limitations. Theoretically, in many organ systems there of crypts per millimeter intestine in the proximal colon. In the distal colon, AOM also produced a greater number of labeled is often a dichotomy between actively proliferating tissues and cancer incidence at that site (1, 9, (30) (31) (32) (33) (34) .
Ward et al. (33) have
There is considerably less information on the relationship of differentiation to tumorigenesis compared with reported critically reviewed a large body of data in animals and found changes in cell proliferation and tumor outcome. In most that tissues with short cell cycles, such as the small intestine instances, colonocyte differentiation has been measured indirand bone marrow, do not show a high rate of spontaneous ectly, as the failure to repress DNA synthesis (25,38). For tumors in most species. Experimental studies designed to use example, an increase in proliferation or an expansion of changes in cell proliferation as a predictive marker for colon the proliferative zone has been considered as a decrease tumorigenesis have also failed to predict tumor outcome in a in differentiation. Although hyperproliferation and impaired number of instances (5, 6, 35) . In one study (6) , colon tumor differentiation may occur together, they are not always linked. incidence was doubled in rats fed ad libitum compared with
In fact, they were clearly not linked in the present study. The rats fed a calorie-restricted diet (P Ͻ 0.001). However, caloriehighly significant increase in differentiation seen with fish oil restricted animals had a higher mitotic index in sections from feeding was not associated with a significant decrease in mid-colon and rectum than did the ad libitum fed controls. cellular proliferation. Similarly, almost every report on level of fat and tumor Lectins, such as DBA, are glycoproteins that can bind incidence shows a promotive effect of high fat diets (36).
to specific carbohydrate residues. DBA has a carbohydrate Despite this, there are few reports in which increasing levels specificity for α-N-acetylgalactosamine (38). This carbohydrate of fat result in increasing levels of proliferation. In fact, we residue is thought to increase with normal differentiation of have found that fat level must be reduced to 5% by weight of colonic epithelial cells, thus the more differentiated phenotype the diet in order to see a decrease in labeling index in the has greater DBA binding (25). In contrast, malignant cells colon (24). In a separate report (35) in which rats were fed show deletions of terminal carbohydrate moieties and thus high and low fat diets, tumor incidence (determined at week reduced DBA binding (25). A significant reduction in DBA 34) was higher in rats provided high fat as compared with the labeling was found in microscopic polyps of patients with low fat diets. Yet at week 34, cell proliferation was decreased familial adenomatous polyposis and in rectal biopsies obtained in the distal colon with the high fat diet, the opposite of from patients at risk for hereditary non-polyposis colon cancer what one would predict. There was no effect of fat on cell (39) . Despite excellent histochemical studies that have been proliferation in the distal colon at either of the two earlier conducted showing differences in DBA binding during the time points. This is significant because most clinical trials use tumorigenic process, little is known about the molecular events biopsies from the distal colon or rectum for analyses of cell resulting in selective expression of glycoproteins. Since DBA proliferation and consider these to be representative of the binding (as our marker of differentiation) was a very powerful entire colon.
tool in discriminating dietary effects on tumorigenesis, a more A lack of effect of diet intervention on cell proliferation complete characterization of the expression and function of measurements in clinical trials is often attributed to insufficient these glycoproteins is warranted. numbers of subjects in each arm of the trial or high rates of Apoptosis as a prognostic indicator of tumor development inter-subject cell kinetic variability. However, even in carefully controlled trials with sufficient numbers of subjects to detect Overall, the best predictor of tumor development in our model differences, there is often a lack of association between tumor system was measurement of programed cell death. A higher incidence and cell proliferation (7, 8, 37 ). In one well-controlled number of apoptotic cells was observed with fish oil as clinical study (8) rectal biopsies from colon cancer patients compared with corn oil in all segments of the proximal colonic who had undergone total colonoscopy and complete polypeccrypt (bottom, middle and top) ( Table V) . There was also a significantly higher apoptotic index in the proximal colon with tomy were compared with those from healthy controls who fish oil feeding compared with corn oil (P ϭ 0.0263). The were free from any neoplastic or inflammatory colonic disease increased apoptotic index seen with pectin in the proximal on colonoscopic examination. The rectal cell labeling index colon as compared with cellulose was marginally significant was similar in both groups. A separate study (37) also reported (P ϭ 0.0713), as was the tumor incidence with pectin versus no colonic epithelial cell proliferation differences between cellulose ( Figure 4 ). In addition, in the distal colon, the colon cancer patients and healthy controls. Our data, combined apoptotic measurements detected an interaction between fat with both theoretical data and reports from experimental and and fiber. Just as the pectin/fish oil diet resulted in the lowest clinical studies, clearly show that changes in colonic cell proportion of animals with tumors, this same diet resulted in proliferation may not always predict tumor development.
the highest apoptotic index (P ϭ 0.0215) (Table VI) .
Differentiation as a prognostic indicator of tumor development
Apoptosis is a central component of cell number regulation in Lectin DBA binding (a marker of differentiation) was remarkepithelia, although its relative significance has been overlooked ably successful in predicting the protective effect of fish oil (40) . Alterations in cell survival contribute to the pathogenesis versus corn oil. In both the proximal and distal colon and at of a number of diseases, including cancer (41). A diverse each level of the crypt (bottom, middle and top), fish oil panel of known and suspected tumor promoters have been resulted in a more differentiated phenotype than did corn oil.
shown to block apoptosis in a variety of cell types, including The difference in differentiation was highly significant at each fibroblasts, myeloid and monocytic leukemias, and carcinomas site and in each part of the crypt (Table IV and Figure 5) .
derived from the prostate, breast and liver (42) . Yet, despite There was no main effect of fiber on colonocyte differentiation the equal contributions of cell birth and death to maintenance at either site or in any part of the crypt, just as there was no of the colonic epithelium, few studies have been conducted main effect of fiber on tumor incidence. The single lack of linking changes in apoptosis to colonic tumor development. prognostic value using differentiation as a marker was its
In the single report on the effect of fiber on colonic apoptosis failure to separate out the combined protective effect of fish (43) the researchers found that high fiber diets resulted in oil and pectin. Differentiation measurements did not detect greater rates of colonic cell proliferation and apoptosis, with the end result that cell number remained constant. any interactions between fat and fiber. 
